Rare earth elements (REEs) consist of 17 transition metals which are the 15 lanthanides and yttrium and scandium. These elements have great utility in the production of modern technology, especially electronics. However, these materials may pose a serious threat to the environment if handled or disposed of incorrectly; the effects of which are being studied by the field of environmental toxicology. A multitude of studies have indicated that rare earth elements have harmful impacts on biological life, making a reform to the disposal of rare earth elements increasingly pressing. Scientific interest in REEs is constantly rising due to the increased use of REEs due to their utility. In this paper, we display our meta-analysis of a scientific literature database, PubMed, to quantitatively map the temporal flux of research and interest pertaining to REEs, especially in the field of environmental science. Our findings may prove useful for planning research on REEs or predicting the future of REE usage.
Introduction
The rare earth elements (REEs) are a series of seventeen transition metals: scandium, yttrium, and the lanthanoids, also known as the lanthanides, (lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium) (Connelly et al. 2005) . REEs exhibit numerous peculiar physical and chemical properties, which ultimately arise from their distinctive electronic configurations (Barrett and Dhesi 2001) . Because of those unique properties of REEs, they have been applied in various modern electronic industries, such as high-temperature superconductors, energysaving lamps, flat-screen monitors and televisions, rechargeable batteries, and very strong permanent magnets (Voncken 2016) .
The growing usage of REEs in modern technologies accompanies unavoidable environmental concerns, as REEs have been found to exert toxic effects on various organisms (Turra 2018) , while some REEs showed cytoprotective activity (Pałasz and Czekaj 2000) . For example, many aquatic organisms were found vulnerable to toxic effects of REEs (Romero-Freire et al. 2019; Joonas et al. 2017) . Some of the toxic effects of REEs were found to be mediated by gene expression changes (Dubé et al. 2019) or by directly binding to target proteins (Pałasz and Czekaj 2000) . Numerous medical technologies have revealed that various neurophysiological processes including learning and memory were also affected by lanthanides (Pałasz et al. 2019; Jin et al. 2017) . A recent review paper extensively summarized the ecological risks of REEs on plants, animals, and humans' health (Adeel et al. 2019) .
The recurrent observations of biological toxicity of REEs have invoked another venue of research, which is the remediation of REEs from the environment. This includes phytoremediation (Wei et al. 2019; Jalali et al. 2019; Yuan et al. 2018 ) and nanoparticle-based remediation (Wang 2018; Su 2017), each of which is specialized for the removal of REEs in soil and water, respectively. In addition, bacteriabased remediation of REEs has been recently investigated (Cheng et al. 2018) .
While research on REEs has been proliferating due to their applications to modern technologies and emerging concerns for their environmental contaminations, no quantitative analysis of the trend of the research is not available in literature. In our previous publications (Kang and Purnell 2011; Kang et al. 2015; Kang and Clifton 2018; Kang et al. 2019) , we showed that the number of articles in a given academic/scientific field could be used as a measure of research activity of the field. PubMed search has been found as an effective way for the quantitative description of the research trend of various biomedical sciences such as biochemistry, biophysics, bioinformatics, food science, and epigenetics (Kang and Purnell 2011; Kang et al. 2015; Kang and Clifton 2018; Kang et al. 2019) . The rapid emergence of utilization of REEs in industry and the toxicity associated with them prompted us to characterize the development of research on REEs specifically in environmental science. We employed our PubMed-based approach to evaluate the trend of research on REEs by searching the database to quantitatively describe the development of the research. In this paper, we report our procedure and findings and share our perspective on the result with the readers of this journal.
Materials and methods

PubMed search
To examine the trend of research on REEs from a quantitative perspective, we searched the PubMed database, a search engine for biomedical publications archived in MEDLINE (https://www.ncbi.nlm.nih.gov/pubmed), using the search terms "rare earth elements" in June, 2019. From the search, the number of publications on REEs from 1947 to 2018 was obtained. However, these results may not all pertain to the same field of study, as multiple different fields mention the term "rare earth elements". Therefore, the publications obtained from this search were named "publications on general REE research". To retrieve papers of REE research specific to environmental science, which is the main objective of this study, a composite function was introduced in PubMed search with a search phrase, ("rare earth elements") AND (toxicology OR environment OR pollution). This search extracted papers in which the term "rare earth elements" was mentioned in the context of toxicology or environmental studies. The publications obtained from this search were named "publications on environmental REE research". The number of publications of each year was downloaded as a CSV (comma-separated values) file for further analysis of data.
Regression analysis
PubMed search results obtained as a CSV file were analyzed by regression analysis to obtain the equation of best fit using SigmaPlot (version 11; Systat Software, Inc., San Jose, CA). The search data were formatted on the Cartesian plane, with x representing the year, the independent variable, and the publication number (y) as the dependent variable: y = f (x). To facilitate nonlinear regression, the year was subtracted by the number (x 0 ) of 1 year prior to the year of the first publication: y = g (x−x 0 ). The value of x 0 is 1946 for general rare earth element search and 1961 for that specifically related to environmental science.
Results and discussion
According to our search, the general REE research was found growing exponentially (Fig. 1 ) since its first publication in year 1947 (Meggers 1947) . Regression analysis indicated that the data were best described by an exponential equation with a significant correlation (R 2 0.9645):
where y is the publication number at year x, and x 0 is the reference year. The fitting value and its standard error of each parameter obtained from nonlinear fitting are 0.0066 ± 0.0027 and 0.1403 ± 0.006 for a and b, respectively. The reference year, x 0 , is 1946. Plugging the values to the parameters and rearranging Eq. (1), the following equation was obtained for the general REE research trend:
One should note that the coefficient in Eq.
(2), 1.765 × 10 −121 , is a very small number, which can be easily beyond the level of precision of the software in computational regression analysis. Thus, we modified the independent variable by subtracting the reference year from it in the regression analysis (see Materials and methods). Figure 1 shows the plot of Eq.
(2). The plot clearly shows that the research on REEs has been exponentially growing. For example, the number of publications in the research at 2000 is 27 and it is 171 at 2018. In our (Kang et al. 2015) , we showed that regression analysis of PubMed search data allowed a reliable prediction of a short-term future (about 5 years). Based on Eq.
(2), we can predict that the publication number in general REE research at 2023 in PubMed will be 325, double the amount in 2018.
We repeated the PubMed search to measure the research on REEs specifically in the context of environmental science, environmental REE research. Regression analysis indicated that the temporal dynamics of environmental REE research obtained from the PubMed search were also successfully described by Eq. (1) as its R 2 of the fitting is 0.9458. The fitting values and standard errors of a and b are 0.0007 ± 0.0006 and 0.2024 ± 0.0143, respectively. The reference year, x 0 , is 1961. Equation (3) is the resulting equation for this case (Fig. 1) :
Equation (3) predicts that the number of publications in environmental REE research will be 197 at 2023, which is more than 2.5 times that of year 2018. The interest of environmental science in the research of REEs can be assessed by its proportion in the total REE research in terms of publication number (=number of publications in environmental REE research/number of publications in general REE research). It can be described by the ratio of Eq. (3) to Eq. (2), which produces Eq. (4):
where y is the proportion (%) at year x (Fig. 2) . Based on the analysis, we can anticipate that the proportion will increase to 60% at 2023 from 45% at 2018, suggesting a growing importance of environmental science in the REE research. While the growth of research on REEs was modeled as an exponential process in this paper, nothing can grow exponentially indefinitely. For example, research trend of biophysics was initially modeled as an exponential growth in our previous study (Kang and Purnell, 2011) , but later it was found that a sigmoidal equation was more appropriate for the description of the research of biophysics (Kang et al. 2015) . In our modeling of REE research trend, we found that fitting the data with sigmoidal equations did not produce reliable fitting parameter values in regression analysis of the data. This strongly suggests that the research activity on REEs both in general biomedical science and in environmental science is still in an early stage of a potential sigmoidal growth. While we expect that research on REEs will eventually behave in a sigmoidal mode, it is not feasible to predict when the research trend will switch to sigmoid from exponential behavior at present, which may be verified in future research.
In conclusion, analysis of PubMed search results in conjunction with nonlinear regression successfully identified that the temporal development of research on REEs could be described as an exponential process, and it is expected that REEs will remain one of the major topics in environmental science. Future directions in the REE research can be suggested based on our literature search. One obvious research area is the investigation of biological effects of REEs using biochemical, cell biological, and toxicological techniques (Pałasz and Czekaj 2000; Jin et al. 2017; Joonas et al. 2017; Turra 2018; Romero-Freire et al. 2019; Dubé et al. 2019; Pałasz et al. 2019) . Another equally important field is the remediation of REEs in the environment (Su 2017; Yuan et al. 2018; Wang 2018; Cheng et al. 2018; Wei et al. 2019; Jalali et al. 2019 ). The findings introduced in this paper will be useful for planning research and education on REEs in environmental or related sciences.
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